I Introduction
The transport properties of strongly correlated electron systems depend sensitively on disorder and its role in determining the physical properties of these systems, especially the low temperature magnetoresistance, is not yet fully understood. [1] [2] [3] [4] [5] [6] In the past decade, several papers have been published claiming the presence of quantum interference effects in the low temperature region of the magnetotransport properties which give rise to resistivity minim, ρ min , below ~ 40K. [7] [8] [9] [10] These resistivity minima-appearing to be similar to those of Kondo systems -were observed in manganite bulk ceramics, 11 polycrystalline as well as high quality epitaxially grown films and in single crystals. [12] [13] [14] [15] Extensive experimental and theoretical work has been performed, and several mechanisms have been discussed to interpret these resistivity minima. Amongst them are mechanisms based on spin-polarized tunnelling via grain boundaries, 16 Kondo-like effects ( magnetic-and charge-type), [17] [18] [19] and quantum interference effects (QIE) arising from electron-electron interactions and weak localization, 1, 12 just to name a few. However, a clear picture has not yet emerged and is still under discussion 9, 20 impeding our understanding of the physics of correlated electron systems. Reviewing these existing explanations, the question whether or not the scattering related minimum at low temperature is a spin dependent effect emerged as a key issue in its understanding. In previous experiments Maritato et. al. 21 used epitaxially grown single phase La 0.7 Sr 0.3 MnO 3 films and found an upturn of resistivity below 60 K. This effect was studied as a function of film thickness and magnetic field and a thickness dependent crossover from 3D to 2D behaviour was observed. They interpreted their results as an interplay of EEI and localization effects, however, leaving all defect related contributions to the magnetoresistance as an open question. Chen et al. 11 analysed the correlation of low temperature resistivity minima with magnetic properties for optimally doped La 0.67 Ca 0.33 MnO 3 bulk samples and related their results to e --e -interaction and spin-disorder scattering. Jia et al. 4 investigated effects of ferroelectric poling-induced strain on the quantum corrections to low temperature resistivity of In order to contribute to the clarification of the physical mechanism of the resistivity minimum in magnetically ordered systems and to check the role of spin dependent effects associated with ρ min , some dedicated experiments applying a systematic variation of one material related parameter will be necessary. We have chosen thin films with a constant thickness (54 nm) of the ferromagnet La 2/3 Sr 1/3 MnO 3 and introduced nano-scaled non-magnetic ZrO 2 particles with an appropriate concentration (0, 3%, 6%, and 20%) as a secondary phase. To prepare such films pulsed laser deposition (PLD) was applied as preparation technique. The magnetic field and temperature dependence of the transport properties were systematically studied. LSMO was chosen because of its characteristic ferromagnetic metallic phase with a temperature-induced metal-insulator transition and half-metallic conductivity. [22] [23] [24] By controlling the concentration of non-magnetic ZrO 2 , one can investigate the disorder effect of non-magnetic particles without changing the spin condition of the matrix. By means of a detailed analysis of the resistivity as a function of magnetic field, temperature and density of non-magnetic ZrO 2 particles, the origin of resistivity minima is found to be in good agreement with a combination of the theory of 3D weak localization and electron-electron interaction in the metallic LSMO system with non-magnetic disorder. The relevance of the quantum nature of these effects is justified by the closeness of the mean free path l (typically < 5.7 nm) to the Fermi wavelength Thin films of (1-x)LSMO +xZrO 2 were grown on 5x5x0. 
II Experiment details

III Results and discussion
A. structural and magnetic characterization
In Fig. 1 decreases and the transition width widens. Accordingly, as the temperature is decreased in the paramagnetic phase, the resistivity increases and reaches a maximum around T C , which can be attributed to a small polaron hopping mechanism. 25 In the ferromagnetic region (T<T C ), the samples show a metallic behavior at low temperatures. However, the resistivity doesn't show a residual resistance behavior for T→0, but reaches a doping dependent minimum around 10 K to 30 K followed by a slow increase as the temperature is lowered down to 2 K. Enhancing the density of ZrO 2 nanoparticles affects the ferromagnetic ordering as well as the transport properties at low temperatures. In order to reveal the origin of the resistivity minimum and clarify the influence of non-magnetic ZrO 2 nanoparticles in the system, the electrical transport properties were studied in detail.
B. Electrical transport measurements
The temperature dependence of the resistivity of the ZrO 2 -doped thin films is shown in an expanded scale in Fig. 3 for temperatures below 40K. The resistivity of films without ZrO 2 particles behaves like a typical metal at low temperature, however, with a faint indication of a resistance anomaly. The ZrO 2 -doped thin films show a distinct resistivity upturn for T < T min . The pure metallic behaviour is expected in films where the mean free path l of the carriers is much larger than the Fermi wavelength F λ . In that case, the low temperature transport properties should be consistent with the semiclassical Boltzman approach. However, as the density of non-magnetic ZrO 2 nanoparticles increases, a higher resistivity is measured arising from the increase of the number of ZrO 2 nano-precipitates and thus yielding a shorter mean free path. In the following we consider several mechanisms which can be accounted for the resistivity upturn below 30K. Since the Fermi wavelength F λ and the mean free path are much smaller than our sample thickness of 54 nm, the three-dimensional models of weak localization and e-e interaction are applicable.
To reveal the physical mechanism for the resistivity upturn, we first discuss the contribution of WL. The standard formula for the conductivity correction due to WL for a sample with a square cross section of width w in the 3D regime In order to quantitatively analyse the contribution of WL to the resistivity upturn further, we argue that a magnetic field of 9 T will be enough to suppress WL 12 and the difference between the zero field data and the 9T data can be attributed to the weak localization contribution
The fit of the low-temperature (T < 30 K) conductivity data
according to Eq. (1), is shown in Fig. 6 . Here, the symbols are the experimental data and the solid lines are the fitting curves. We see clearly that an increase of the concentration of ZrO 2 precipitates causes a continuous increase of the contribution attributed to weak localization. Furthermore, we observe a tendency that, corresponding to the resistivity minimum, shifts to higher values with increasing density of nonmagnetic ZrO 2 particles. The temperature region where the data can nicely be described by Eq. (1) increases with increasing ZrO 2 particle density from nearly 10 K for 3%, 6% ZrO 2 to more than 16 K for 20% ZrO 2 . This shows an enhancement of the contribution of weak localization due to ZrO 2 nanoparticles. The weak localization arises from quantum interference between electronic paths and thus modifies the diffusion constant. The fit parameters l, a and p for samples with different ZrO 2 particle densities as displayed in Table I give further information concerning the precipitate dependence of the scattering parameters of our samples.
c. electron-electron interaction
The analysis of the data within the frame of the WL theory shows that additional reasons for the resistivity upturn must be at work. This can be seen in the ρ-T curves of Fig. 3 at high magnetic field where the resistivity at B = 9 T definitely shows a pronounced upturn with decreasing temperature. Since the WL can be suppressed by a magnetic field, the resistivity upturn at 9 T originates from the EEI correction to the conductivity. Fig. 7 gives the temperature dependence of conductivity in an applied field of 9 T for the low temperature region of 2-12 K for different ZrO 2 content with 0, 3%, 6% and 20%, respectively. It can be seen that as the density of ZrO 2 nano-precipitates in the LSMO thin film increases, the resistivity upturn strengthens.
In the following we apply the theory of EEI to the data for the resistivity upturn at 9T
for the samples with different density of precipitates. The contributions to the functional dependence of the conductivity due to the EEI is similar to that due to WL but with the inelastic diffusion length ϕ L replaced by the thermal diffusion
, and a modified prefactor. In the 3D regime Dσ ee is given by,
1 the resulting fits according to Eq. (2) are presented in Fig. 7 (solid lines) . It is found that the experimental data of pure LSMO can be excellently described by Eq. (2) for the temperature range below 6 K. With increasing concentration of ZrO 2 precipitates, the regions with a good fit increase, indicating that the region up to 10 K for 3% and 6% ZrO 2 can be nicely described by EEI effect. However, for 20% ZrO 2 , the well fitted region shrinks again. From these results, it can be concluded that the conductivity below T min is sensitive to both, electron-electron correlation and the degree of disorder. The reduction of the regime where Eq. (2) holds for the 20% ZrO 2 sample may be due to contributions arising from the electron-phonon interaction ( Experimentally the increase of conductivity for the 9T data between 10 K and 3 K is 694.3(Ωm) -1 . Taking into account the measurement uncertainties and the fact that the Altshuler-Aronov theory was developed for a free electron gas and we deal with a strongly correlated electron system this agreement is surprising. Therefore, we believe that the combined 3D theory for disordered nonmagnetic conductors is in excellent agreement with our data.
IV Conclusion
In conclusion, low temperature transport properties of LSMO thin films with appropriate concentration (0, 3%, 6%, and 20%) nano-scaled non-magnetic ZrO2 particles were systemically studied for applied magnetic fields ranging from 0-9T.
The temperature dependence of resistivity shows generally a minimum at low temperatures and a resistivity upturn that appears to be increasingly stronger with increasing ZrO 2 precipitate concentration. The temperature and magnetic field dependences of the resistivity of our samples are in good agreement with a combination of the theory of 3D weak localization and electron-electron interactions in the metallic system with non-magnetic disorder. In particular, the presence of non-magnetic ZrO 2 nanoparticles in the samples enhances contributions to resistivity from weak localization and electron-electron interaction. Non-magnetic ZrO 2 particles in the metallic LSMO thin films modify the diffusion constant and increase the weak localization at low temperature. The enhanced EEI in this 3D system is induced by the modification of the density of states due to the introduction of ZrO 2 particle. In addition, we show that our results explain the essential features of the so-called scattering related "resistivity minimum" phenomenon at low temperature in the correlated electron systems including its spin independent effect, its scattering parameters and variation with increasing disorder. . The solid lines are the fitting results and the symbols are the corresponding experimental data.
